Abstract. High intensity focused ultrasound (HIFU) is a promising noninvasive technique that thermally ablates tumors lying deep in the tissue, but the extent of thermal necrosis is difficult to quantify with current B-mode imaging techniques. Utilizing the fact that necrotic tissue is stiffer than normal tissue, we propose a new ultrasound elastographic imaging method to assess the progress of HIFU treatment. The method applies a mechanical compression to tissue being examined by pushing with a transducer, acquires its B-mode images freehand, and computes the phase difference between pre-and postcompression complex baseband echoes as an indicator of tissue stiffness. Being able to detect small displacements, the proposed method is implemented in real time in a commercial diagnostic ultrasonic scanner. It is capable of producing strain images at a rate of up to 24 frames/s. The experimental results show that the method is a viable technique to monitor the change in stiffness of tissue under treatment with HIFU.
Introduction
In this paper the progress of HIFU tissue treatment is investigated using an ultrasonic elastography. A lot of research has been done on quantitative ultrasonic imaging using attenuation coefficient, nonlinear parameter, inverse scattering, etc. Despite massive efforts, so far none of these imaging approaches have been a great success. More than a decade ago, an imaging method termed ultrasonic elastography was introduced by Ophir et al. [1] to diagnose cancerous tissues which had been difficult to image with conventional B-mode imaging techniques. The elastography falls into two categories: one is quantitative elastography which determines stress, strain and elasticity distribution of an object being imaged [2, 3] , and the other is rather qualitative elastography which estimates only strain for practical purposes [4] .
Elastography was shown to be a modality that can provide information about the size and location of tissue thermal lesions by Stafford et al. [5] . The measured lesion sizes correlated well with the gross pathologic findings. By varying ultrasound treatment intensity levels and exposure times to obtain lesions of different sizes and performing elastographic imaging, Righetti et al. [6] showed that elastography can accurately depict the size and position of HIFU induced lesions and that it may be a reliable method of estimating and characterizing them. It was shown by Varghese et al. [7] that ultrasound based in vivo elastography can accurately depict the zone of necrosis following radio frequency ablation, providing clinicians with valuable feedback that would decrease local recurrence rates after radio frequency ablative therapy. Doyley et al. [8] reported the result of a preliminary study that lesions in liver tissue produced by focused ultrasound surgery were clearly visible in elastographic images and that the images had a better contrast than other ultrasonic imaging techniques. Kallel et al. [9] demonstrated that reversible changes in tissue elastic properties were induced by low power energy deposition and that they could be detected by elastography.
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More recently, to image the stiffness of soft tissue, the present authors proposed a method based on pixel brightness difference (PBD) in which the standard deviation, as well as the difference between maximum and minimum values, of ultrasonic speckle pattern brightness over multiple consecutive B-mode image frames was computed and displayed after being postprocessed with a spatial median and lowpass filter [10] . On the other hand, Seo et al. [11] assessed tissue damage based on changes in ultrasonic echogenicity. The decay rate of increased echogenicity of in vivo canine kidney under high intensity focused insonification was quantified and parameterized. Saied et al. [12] reported that ultrasonic backscatterer measurement could be used to assess the early and progressive osteoarthritic morphological and structural remodeling developed in articular cartilage.
To monitor the progress of tissue insonified by HIFU, we improve upon the PBD method [10] by using phase information to make it more sensitive to small displacements and at the same time to reduce the computational complexity, and obtain strain images freehand using the phase change between the current and past in-phase and quadrature baseband data which is indicative of tissue stiffness. This principle is based on the observation that in general the displacement of tissue scatterers and hence the amount of the phase change at individual imaging pixels resulting from compression applied to tissue surface, decrease with increasing stiffness.
Method
To estimate the difference in displacements before and after compression, methods based on crosscorrelation or correlation coefficient have been mainly used. However, those methods require a lot of computation, decreasing the frame rate that can be achieved.
To make fast strain imaging possible as well as to detect small displacements, we propose a new method that estimates phase change in echoes before and after compression. It has been implemented in real time in a commercial ultrasonic scanner (ACCUVIX-XQ, Medison, Korea). We can obtain up to 24 frames of strain images per second, which is adequate for real-time strain imaging. The phase difference is computed from complex baseband data which are directly available from the ultrasonic scanner. We assume that the amount of compression is small and hence that there is no decorrelation between precompression and postcompression echoes. Therefore, the postcompression signal can be modeled as the output of an allpass filter whose phase characteristic is linear and whose input is the precompression signal. As a consequence, the filter has an identical group and phase delay.
Denoting the pre-and postcompression ultrasonic radio frequency (rf) echoes by ) ( 1 t x and ) ( 2 t x , respectively, they can be written as follows: 
The phase difference between the two baseband signals can then be determined by crosscorrelating them and taking the phase angle:
The time delayed phase term is expanded in a Taylor series as
with the time delay subsequently given by
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where ) ( ' t φ is the instantaneous frequency since it is the derivative of the baseband signal phase. Thus it can be expressed as
where T is the sampling period. We use Eqs. 4 and 5 to estimate the time delay τ from the phase delay of a wideband ultrasonic signal. Because the time delay can be directly determined from the phase delay, the proposed algorithm is much simpler to implement than the correlation or phase-root-seeking methods [1, 4, 13] . Fig. 1 is an overview of our experimental setup, in which the test tissue immersed in a water tank is exposed to HIFU produced by a focal concave ceramic (PZT 4) transducer driven by the electrical signal generated by a function generator and amplified by a 150 W rf power amplifier (A150, ENI). While applying the HIFU to the test tissue, ultrasonic B mode images are captured through the ultrasonic scanner, and the images are converted to strain images by implementing the time delay estimation algorithm proposed above.
Experimental setup
Thermal Lesion Thermal Lesion Thermal Lesion Thermal Lesion H I F U t r a n s d u c e r H I F U t r a n s d u c e r H I F U t r a n s d u c e r H I F U t r a n s d u c e r The proposed method of estimating time delay directly from phase delay was incorporated in the aforementioned ultrasonic scanner for real-time implementation. The scanner has a 2 GHz Pentium 4 processor which is programmed to execute the algorithm in software. Strain images are produced in real time at a rate of 24 frames/s.
To investigate ultrasound field characteristics, we computed the HIFU field produced by a 1.6 MHz concave focal transducer whose aperture diameter and focal distance are 60 mm. The acoustic pressure field shown in the left panel of Fig. 2 was predicted using a Rayleigh integral which takes into account attenuation during propagation [14] . The pressure gain at the surface of the transducer equals unity.
We also predicted temperature distribution in muscle tissue using a bioheat partial differential equation [15] . In prediction, the beef tissue was exposed for two minutes to the ultrasonic field produced by the above transducer. The center and right panels in Fig. 2 show the predicted temperature distribution. In the figure, the horizontal axis is the beam axial distance minus the focal distance (in units of mm), and the vertical axis represents the radial distance (in units of mm) perpendicular to the beam axis. At the focus the maximum temperature increases to about 70 o C. The region in which the temperature is higher than 65 o C takes the shape of an ellipsoid whose long and short axial diameters are about 4 mm and 1.5 mm, respectively.
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Now we explain the procedure for estimating strain. First, the ultrasonic image data are obtained before and after applying compression to an imaging object for which we have used a phantom and beef in this experiment. Second, the phase difference is computed via Eq. 4, followed by postprocessing with a median and lowpass filter. Then its gradient is taken and averaged over multiple frames. Fig. 2 . Acoustic pressure field of a 1.6 MHz concave focal transducer with an aperture diameter and focal distance of 60 mm each, computed using a Rayleigh integral considering attenuation during propagation, where the horizontal axis from left to right is along the beam axis, the horizontal axis from front to back is the radial direction, i.e., the cross beam axis, and the vertical axis represents the pressure gain (left). Temperature distribution in muscle tissue exposed to high intensity focused field (1.6 MHz, 35 W/cm 2 , focal distance and aperture diameter of 60 mm) for 1 minute predicted using a bioheat partial differential equation shown as a contour (center) and perspective plot (right).
Results
We evaluated the performance of estimating the phase change through computer simulation and the result is presented in the left panel of Fig. 3 . The ultrasonic imaging pulse was generated in a weakly converging field in a medium containing random scatterers. In the above figure the abscissa and ordinate represent the time delay imposed between pre-and postcompression signals and its estimate using Eq. 4, respectively, and the vertical bars mark one standard deviation from the mean. It can be seen from the figure that the time delay is estimated fairly well. Note that the time delay is normalized to the ultrasound wavelength. A cloud of random scatterers were convolved with an ultrasonic pulse to generate rf echoes for use in the estimation process.
Also, the algorithm was experimentally verified with two types of objects, i.e., a phantom and beef. The B-mode and strain images of a phantom made of agar and gelatin are presented in the center and right panels of Fig. 3 , respectively. Note that the rectangle-shaped region in the lower center, which is fabricated to be harder than its surrounding area by a factor of three, cannot be seen in the B-mode image in the center panel, but that it can be clearly identified as having small strains in the pseudocolor mapped strain image in the right panel. The numbers on the horizontal and vertical axes denote pixel indices in the lateral and axial directions, respectively.
The lesion produced by applying HIFU tends to be harder than its surrounding tissue. This characteristic can be used to assess HIFU treatment. A lump of beef tissue was insonified with the HIFU transducer with a resonance frequency of 1.6 MHz. The output of the rf power amp, in the form of 1.6 MHz continuous wave, was delivered to the HIFU transducer. The beef was immersed in a water tank whose temperature was maintained at 23 o C, and the transducer was adjusted to focus its beam 10 cm into the beef.
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Title of Publication (to be inserted by the publisher) Because the focused region extends to an area of 3 mm lateral by 6 mm axial, the HIFU was focused on three positions, spaced 3 mm apart in the lateral direction, one after another. For the three positions, the HIFU with a focal intensity of about 35 W/cm 2 was applied for two minutes each. To displace scatterers, we compressed the beef by manually pushing the transducer. However, this approach results in a lower contrast-to-signal ratio compared to the case of mechanically applying the compression.
The results of experiment with beef are shown in Fig. 4 , where (a) and the left panel of (b) are, respectively, the B-mode images before and after HIFU insonification, and the right panel of (b) is the strain image after HIFU insonification. We can hardly notice any difference between the two B-mode images before and after HIFU insonification. In contrast, in the right panel of (b), we can easily identify the low strain region slightly below the image center. After all strain images were obtained, the HIFU insonified beef was cut and unfolded to reveal its histology shown in (c). 
Conclusions
We present an effective and computationally efficient method of monitoring the progress of HIFU treatment. The method utilizes the phase change before and after applying static compression. It is computed in the scanner at individual display pixels, and is averaged over consecutive frames for display on the monitor. Both simulation and experimental results confirm that the phase change is a good and sensitive indicator of tissue stiffness which cannot be assessed with conventional B-mode imaging modalities.
